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Abstract* - m j* _ ^ ^sss* - ^ • ^^i 



metalorganic chemical vapor deposition (MOCVD) reactors in order to produce these midticomponent oxide thin films. They in- 
clude BaSrTiO, (BST), PbLaZrTiO i (PLZT), and other related materials. BaSrTiO } (BST). which is used for integrated (DRAM) 
capacitors and memory elements, has reached the highest state of maturity. The authors have integrated ibe liquid delivery svstem 
with a commercial reactor capable of producing highly uniform films on 6" Si wafers at high rates. Charge storage densities up to 
6.000 nF/cm : have been attained using extremely thin films of BST. Dielectric constants range from 20 to over 500, depending on 
composition and processing, with Q factors as high as 500 at kHz frequencies and X7R or better temperature specification. The 
performance of BST at frequencies up to the GHz range, and its suitability for integrated passive devices at high frequencies in- 
cluding switched capacitor filters and decoupling capacitors will be discussed in this work. There will also be discussion of poten- 
tial commercial markets and manufacturing feasibility for these materials. 
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1. Introduction 



High Frequency, Integrated Capacitor, Nonlinearity, Thin 
Film, BaSi»iO r 



With the increasing maturity of complex oxide thin film for- 
mation brought on by research into HTSC materials, there has 
been growing interest in other related multicomponent oxide 
materials for different applications. Major material systems 
include BaSrTiO,, PbLaZrTiO,, SrBi,Ta.O,, conducting oxides 
(LaSrCoO^), and magnetoresistive oxides (LaCaMnO r 
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LaSrMnO,). These materials have a variety of uses including 
frequency doubling, optical switches, barrier layer, magnetic 
storage, microwave phase shifters, filters, and capacitors used 
for both volatile and nonvolatile memory elements. Many of 
these devices have particular relevance to the fast-growing por- 
table electronics market which requires small sizes of compo- 
nents, increased functionality, and operation at high frequency. 
This paper will concentrate on capacitor applications of 
BaSrTiO. (BST) thin films and production of these thin films 
via metalorganic chemical vapor deposition (MOCVD). 

Of these complex oxides, thin film technology for produc- 
ing BST is the most advanced since numerous DRAM manu- 
facturers are investigating this material for 1 and 4 Gb DRAMs 
(a potential market estimated to be in excess of S20 billion) 1 . 
While bulk barium titanate ceramic capacitors may seem like a 
mature technology, the rangi of properties available when pro- 
ducing this family of materials in thin film form is astonishing. 
Dielectric constant can vary by 2 orders of magnitude while re- 
sistivity (leakage current) can vary by up to 9 orders of magni- 
tude. All depend on choices of composition and processing 
conditions when making the thin films. This range of proper- 
ties is directly related to the variation in microcrystalline prop- 
erties achievable in a thin film which can be formed in a meta- 
stable state (a condition difficult to achieve in bulk ceramics). 

The semiconductor industry's movement to higher levels of 
integration has resulted in the gradual displacement of physical 
vapor deposition processes by chemical vapor deposition 
(CVDHor several reasons. This can be attributed to the ability 
ly coafsmat) features with challenging aspect ra- 
tios (crucial for DRAMg; Tfifsiias one of the highest through-"' 
put of anj^hin film deposition method, and a common, use on 
diJEsilSpJatforms in the semiconductor industry. For ex- 
ample, several groups have demonstrated *irtat sputtered 
BaSrTiOj (BST) films do not have sufficient step coverage to 
be used alone in high density DRAMs : j . Consequently, signifi- 
cant effort is being directed at the development of CVD pro- 
cesses for a variety of ferroelectric thin films; 1 ^ however, 
progress has been slow. In general, the CVD processes exhibit 
poor thickness and composition precision arising from the use 
of solid and low vapor pressure liquid source reagents which 
are difficult to deUwr by conventional methods. 

Present CVD prfbesses in widespread use in semiconductor 
manufacturing sums CVD W, Si, and SiQ, utilize gaseous or 
high vapor pressure source reagents whose delivery can be eas- 
ily controlled with standard mass flow controllers or bubblers. 
In contrast, high vapor pressure source materials are typically 
not available for many of the elements present in ferroelectric 
thin films. The problem of composition control «*r multicom- 
ponent films is further compounded by the number of elements 
to be deposited. In addition, many ferroelectric materials are 
not thermodynamically stable as a single phase over wide com- 
positional ranges. The presence of non-stoichiometric material 
can cause dramatically different electrical properties in a thin 
film. For example, the authors have observed that a 3% change 



in Group ILTi ratio away from perovskite in BST can cause a 
2x decrease in dielectric constant and even larger changes in 
leakage. This is sensitivity to composition considerably greater 
than seen for bulk counterparts. 

Over the last several years, ATMI has had a variety of pro- 
grams underway which examined complex oxide thin films for 
a variety of applications. During this time, a metal organic 
chemical vapor deposition (MOCVD) process technology 
which utilizes liquid source reagent solutions consisting of solid 
source reagents dissolved in organic media to achieve excellent 
thickness and composition precision has been developed 6 7 ,0 . 
This technique overcomes the limitations of conventional deliv- 
ery methods by controlling composition through real time volu- 
metric mixing of the individual source reagent solutions. The 
liquid mixture is then flash vaporized to generate a homoge- 
neous gas at the inlet to the CVD tool. This method minimizes 
the thermal budget of the thermally labile source reagents and 
ensures process reproducibility as well as simplifying reactor 
design by reducing sections requiring temperature control. 
Thus, it holds advantages for deposition of both simple oxide 
thin films, such as Ta,0 5 and Ru(X, and more complex materi- 
als with higher dielectric constants and/or ferroelectric proper- 
ties. 



2. Experimental Work 

All thin films o^scussed in this worJ&^S^e^^te^^Tin T 
a modified Watkins- Johnson (WJ) Select CVD reactor, "ft has 
been converted at ATMI through addition of a te m rj^xg jjS tf c o n - 
trolled chamber, including a showerhead type^ga^Bflroutor 
f which gives uniform films over 6" substrates. The reactor is 
operated at low pressure, typically 750 mTorr, with 500 seem 
each of oxygen and nitrous oxide as oxidizers. Substrates are 
either Pt/Ta/Si0 2 /Si or Pt/SiO : /Si. Top electrodes for capacitor 
electrical measurements are Pt deposited at 300*C by evapora- 
tion through a shadow mask. 

Attached to this reactor is an ATMI LDS-300B liquid deliv- 
ery system. This system injects MOCVD precursors dissolved 
in an organic solvent into an Argon (Ar) carrier gas stream 
which transports them into the reactor. Precursors for BST 
growth are Ba(thd) : -tetraglyme, Sr(thd),-tetraglyme, and Ti(i- 
OPr) : (thd),. Delivery rates of the precursor to the reactor aver- 
age around 60 umol/min. The details of the CVD reactor and 
the range of deposition conditions investigated have been de- 
scribed in a previous publication 1 . 

The BST thin film stoichiometry was Ba Q 4J Sr 0 5j TiO., as 
measured by x-ray fluorescence (XRF). Electrical measure- 
ments were made via an HP 4 1 92 A LCR meter and a HP 4 1 45 B 
parameter analyzer at ATMI. Dielectric noniinearity measure- 
ments were made at Lucent, 
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3. Results 

Dielectric constant in BST thin films can range from 15 to 
1200, depending on growth conditions used. Losses as low as 
0.3% (Q factor over 300) at frequencies above 1 GHz have been 
measured in films grown at AT MI. Tan 5 is routinely below 
0.002 at kHz frequencies^. Conductivity" can range from semi- 
conducting to leakage currents of under 10' 9 A/cm : in layers as 
thin as 300 A, depending on growth conditions and stoichiom- 
etry (with breakdown fields ranging from 0.2 to 2.5 MV/cm). 
The authors have recently attained capacitances per unit area as 
high as 100 fF/um : (10 uF/cnr) in BST films. AC/C values as 
low as ± 1 5% over a temperature range from 25 to 300°C, com- 
bining essentially X7R performance with the prospect of ex- 
tremely high capacitances per unit area in thin films have been 
demonstrated. Simple calculations using the properties re- 
ported show that BST thin film based capacitors offer compel- 
ling size advantages for operational voltages under 10 V and ca- 
pacitance values below about 100 nF. Assuming a typical 
dielectric constant of 200, operational voltage of 5 V, break- 
down voltage of 0.5 MV/cm, and a 250% safety factor, one can 
calculate the expected size of such a device. Figure 1 shows a 
comparison of BST thin films to the smallest commonly used 
commercial surface mount device (SMD) capacitors (0402 and 
0604). The advantage of a thin film based capacitor is that it 
becomes smaller in size with smaller capacitance values, and 
conventional SMD devices do not. Since the 0402 device nears 
r^^jJk 1 W Wlabl e automated fwpk-and-place on circMMards, 
integrated thin film cap»SKors"must be pursued in order to pro- - 
ce $d b ey^~this scale7-iKe size advantages achievable, with 
tmn ^tfflj^yyjces means Ibat an entire network of small capaci- 
tors, such as the 50 pF size, often used in cellular phones can fit 
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Figure /. Plot of area required for various capacitor values, 
showing the compelling size advantage an on-chip thin film 
based capacitor can have over conventional discrete 0402 and 
0604 size packages for small (<100 nF) capacitance values 
and low (5 V) voltages. 



into the space of a single typical SMD. 

Having developed BST thin film deposition technology for 
DRAMs, the authors are now considering these films for a 
wider variety of applications in integrated passive devices. The 
work reported here was the outgrowth of a program with AT&T 
to develop on-chip thin film capacitors to replace discrete de- 
vices currently used for various power conditioning tasks. Each 
application has different requirements, as outlined in Table 1. 
Operation at 3 V is envisioned with the desire to withstand up 
•to 9 V without device damage. 

Most of the specifications in Table 1 are straightforward, but 
the voltage dependence of K requires some explanation. The 
second order dielectric nonlinearity, or a, value, is defined as 
shown in the polynomial equation, equation ( 1 ). where AC is 
change in capacitance with applied voltage V. The a I coeffi- 
cient can be compensated for in most applications through de- 
sign of matchrd capacitors, but a, cannot. 



AC/C =a,V + a,V : + 



(1) 



Ideally, one would produce each of the three types of capaci- 
tor in Table I via the same MOCVD process and during the 
same thin film deposition run. Thus, a process/ materia I combi- 
nation must be found which meets all criteria simultaneously. 
An important variable in growth of BST films is the substrate 
temperature during growth. A high growth temperature pro- 
motes formation of crystalline material, resulting in a high di- 
electric constant. While at low temperatures, rru^fgfl^jalW 
or amorphous matejiaias formed which Jh^^m^Ftawer ."di-* 
electric constant with lower leakage as well' 3 . For this reason, 
the authors have chosen to focus on substrate temperauj^uV- 
ing growth for this study. \ Wtift ~ 

In addition to deposition temperature, bottom electrode and 
top electrode processing can have strong influences on mea- 
sured film properties. An anneal after deposition of top elec- 
trodes can improve and stabilize measured electrical properties. 
In Figure 2, the authors compare films with no post-anneal, an 
oven anneal at 550°C for 1/2 hour, and a rapid thermal anneal 
(RTA) for 1 minute at 650 a C. 

Either type of anneal seems to significantly reduce leakage 
current in most cases, sometimes up to several orders of magni- 
tude. The effect is particularly pronounced with the films de- 
posited at higher temperatures where higher dielectric constants 

Table 1. Typical performance parameters needed for a thin 
film based switched fitter capacitor (SCF) f bypass capacitor, 
and feedthrough capacitor used in an on-chip application. 





-ft* 


Bypass 


Feedthrough 


Capicttince density 
(fT/jinr) ' 


>2 5 


>2 


>2 


Frequency range 


> 1 00 MHz 


2-3 GHz 


2-3 GHz 


Voltage dependence of K 


a, < 100 
ppm 


N/A 


<0 3% 


DC leakage (A/cm : ) 


<I0" 


<IO J 


N/A 


Q factor (inverse of loss) 


100 


50 


50 
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Figure 2. BST growth temperature vs. measured current 
leakage at 3 V in BST films -480 A thick. Comparison is 
made between different methods of thermal processing after 
deposition of top electrodes: none, oven anneal, and RTA. 

and higher leakages are found. However, there is little or no 
difference between the tw o types of anneal. It was found that 
breakdown voltage correlates strongly with leakage; higher 
leakage tends to lead to lower breakdown voltages. Another 
effect noted was that leakier films have tendence to have "soft" 
breakdowns. As voltage was increased, current saturated at the 
compliance limit of the analyzer (10 mA) but the material re- 
^apjfl^^Qqginal properties upon reduction of voltage. On the 
- -either hand, lower I^a^^Tis could withstand more' Vbttage, 
but they tended to faSiriopfefatastrophicaTly. 
- Examination of tHe effect of the anneal on dielectric Constant 
pvl^lfmilar results; "However, they were less pronounced. 



a 

o 



200T 



150 



100 



50- 



□ K - oven anneai 
o K - RTA anneal 



a a 



8 o o 9 



450 



500 



550 



600 



650 



Grovth T«ap«r*tur« (C) 

Figure 3. BST growth temperature vs. dielectric constant in 
BST films -480 A thick. This shows that variation of K by 
almost an order of magnitude is possible by varying growth 
temperature with more profound effects at the higher and 
lower temperature ends of the range investigated. 



There was some improvement with any anneai, but little differ- 
ence between the types of anneal performed. 

When capacitance per unit area is calculated by combinins 
breakdown voltages (based on associated leakage currents) 
with dielectric constant for these films, one finds no strong 
trend in storage density (F'cnr) with deposition temperature. 
The reason is that low temperature BST growth gives higher 
breakdown voltages, so thinner dielectric films, as w ell as lower 
dielectric constants, compared to high temperature growth for 
little net effect. BST material properties, in principal can be 
adjusted based on the needs of a specific application, mainly for 
enhancement of other effects such as the low second order di- 
electric nonlinearity requirement mentioned in Table 1 . Figure 
4 shows this value as a function of film deposition temperature. 

Second order nonlinearity can be reduced considerably by 
adjustment of the BST film properties via growth temperature 
reduction (Figure 4). The value of 0.2% for the lowest tempera- 
ture films indicates that this material can be used for both by- 
pass and feedthrough capacitor applications, though not SCF. 

As shown, there is no strong dependence of charge storage 
for BST thin films with deposition temperature at these low pro- 
cessing temperatures and permittivity values. The advantage is 
that one can move to different regions of parameter space to 
optimize for different properties. Thus, if low change in dielec- 
tric constant with applied field is desired (such as for the 
feedthrough capacitor application which calls for a low a, pa- 
rameter), a low growth temperature may be used. Conversely, 
for DRAMs, higher growth temperature^ 
°P5^i^fr a J vofag^r^vejy low and ttfij^re^ trie constants _ 
are" much more important than dielectric linearity. 
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Figure 4. BST growth temperature vs. dielectric nonlinearity 
a , in BST films "480 A thick. This shows that reduction of a , 
by several orders of magnitude is possible by lowering growth 
temperature, satisfying specifications for feedthrough capaci- 
tors but not SCF devices. 
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4. Conclusions 

An important requirement for use of these complex oxides in 
devices is the ability to provide a robust process for manufac- 
ture. Metalorganic chemical vapor deposition (MOCVD) is 
likely to be the method of choice for these processes. ATMI has 
demonstrated a precursor delivery systefn which utilizes liquid 
source reagent solutions to enable practical MOCVD of com- 
plex oxide materials". 

The tremendous range of properties that may be attained for 
BST shows that this material can have many applications. Spe- 
cifically, the authors have demonstrated the properties needed 
for use in bypass and decoupling capacitors. Switched capaci- 
tor filters will require further reduction of second order dielec- 
tric nonlinearities. This may be achieved by moving to higher 
Ti content BST materials. 

In conclusion, the maturity of BST-based thin films shows 
that they are ready to replace lower dielectric constant materi- 
als in high density passive R/C networks and other integrated 
devices such as DRAMs. A number of other complex oxides 
are only a few years away from commercial use. 
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